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and PAVLA ROUPCOVA
The Sb-Sn-Zn alloy was prepared and researched by experimental methods, which allow
obtaining information on the thermodynamic stability of the coexisting phases. Thermal ana-
lysis was used to determine the phase transition temperatures of experimental alloys. Equilib-
rium composition of coexisting phases after long-term temperature equilibration was
determined by electron microscopy. The existence of one ternary stoichiometric phase Sb2SnZn
was experimentally conﬁrmed by diﬀraction technique. The CALPHAD method for prediction
of the phase diagram of the Sb-Sn-Zn system from binary subsystems was used in this work.
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I. INTRODUCTION
TIN, antimony, and zinc are easily fusible metals
used in many technical industries and areas of technol-
ogy. Tin is mainly used as the major component of low-
melting solders.[1] Antimony and zinc are metals which
can also be found in the solder alloy.[2] The commonly
used Sn-Pb solder has been replaced by lead-free solders
for environmental and health reasons. The most widely
used lead-free solders for low-temperature soldering are
Sn-Ag-Cu-based alloys (SAC solders).[3,4] Aside from
the already established low-temperature lead-free sol-
ders there is still undergoing materials research of new
alloys for brazing. Antimony and zinc are a common
part of developed alloys for lead-free soldering.[5,6]
An important source of information for the proposal
of new alloys is the equilibrium phase diagram.[7] Details
about coexistence and stability of phases including
liquidus phase signiﬁcantly streamline this material
research. For this reason, this work pays special
attention to experimental description of the Sb-Sn-Zn
ternary system. Binary diagrams of Sb-Sn, Sn-Zn, and
Sb-Zn[7] subsystems are known and they are described in
great detail in Reference 8, 9. However, only little
experimental information concerning Sb-Sn-Zn ternary
alloy is known and experimental description of this
system needs to be expanded. Some works dealing with
thermodynamic phase coexistence in the ternary system
were published in the period 1976 to 2011. The works
dealt with the phase diagram of the Sb-Sn-Zn system,[10]
structure of Sb2SnZn intermetallic phase
[11] and metal
activities in ternary liquid.[12] Some older sources[10,13,14]
reported studies of the Sb-Sn-Zn system on account of
the use of the ternary intermetallic phase Sb2SnZn as a
semiconductor.
An important milestone of material research of alloys
was the CALPHAD method developed in 1975[15] which
was further developed (extended-generalized-adopted)
for alloys.[16] The method is based on a thermodynamic
description of the phases, which are described and
parametrically stored in specialized databases.[7]
Phase diagrams are possible to calculate using several
diﬀerent CALPHAD-based programs e.g., Thermo-
Calc[17] or Pandat.[18] Relevant thermodynamic database
can be used to calculate equilibrium phase diagrams of
binary subsystems, here Sb-Sn,[9] Sn-Zn,[7] and Sb-Zn.[8]
The method also allows us to predict the ternary phase
diagram of the Sb-Sn-Zn system, as the authors used
before[19] and here for better understanding of the
obtained experimental results.
The CALPHAD method provides a prediction of
stable phase diagram of the ternary system from binary
subsystems. It fails, however, when the ternary system
contains a ternary phase. This problem can also be
observed in the Sb-Sn-Zn system where the stoichiom-
etric ternary phase Sb2SnZn was experimentally
observed.[10] Speciﬁcation of the stability range of the
ternary phase and positioning of the phase ﬁelds with
mutual solubility of all three components was the
motivation for the experimental study of Sb-Sn-Zn
ternary system. Chemical and phase analysis of coexis-
ting phases in Sb-Sn-Zn alloys were performed. More-
over, diﬀerential thermal analysis (DTA) was used for
phase transformation study.
II. EXPERIMENTAL PROCEDURE
The overall composition of the samples was chosen
with regard to the predicted isothermal sections of
Sb-Sn-Zn phase diagram. Figures 1, 2, and 3 show
isothermal sections of Sb-Sn-Zn phase diagram for
temperatures 473 K, 523 K, and 623 K (200 C, 250 C,
and 350 C) with marked overall composition of sam-
ples as black points. The CALPHAD approach
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implemented in the PANDAT 2012 program was used
for the prediction of isothermal sections of Sb-Sn-Zn
phase diagrams. COST 531 database optimized for
solders (SOLDER) and updated with the published
information about Sb-Sn[9] and Sb-Zn[8] subsystems was
used for the calculation of phase diagrams.
The samples of alloys were prepared from pure metals
(with purity higher than 99.999 pct). The weighed pure
metals were transferred into quartz ampoules and sealed
under vacuum (~0.1 mBar). Two kinds of quartz
ampoules were used. The ﬁrst type was the common
quartz ampoule suitable for long-term annealing of
alloys with a total weight of 2 to 5 g. The second type
(DTA Ampoules) was prepared (total weight of the
sample about 0.75 g) in order to be suitable for both
measuring the DTA signal of the experimental alloys
and to follow long-term annealing. The samples of
alloys for all consequent studies were taken from the
center of the material due to the possibility of surface
oxidation of metals, especially zinc.
The samples inside common and DTA ampoules were
heat-treated in slightly diﬀerent ways. The pure metals
inside the common quartz ampoules were melted at
923 K (650 C) and homogenized by manual shaking.
Melting and shaking was repeated several times until the
alloys became homogeneous. Ampoules with homoge-
neous alloys were loosely cooled to the room temper-
ature. The two sets of samples were prepared in
evacuated common quartz ampoules for long-term
annealing. The molar ratios of Sb, Sn, and Zn were
selected to evenly cover the phase ﬁeld in isothermal
sections of the approximate phase diagram at 473.15 K
and 523.15 K (200 C and 250 C). The ﬁrst set of
samples was placed into a LAC 1200 furnace and
annealed at 473 K ± 1 K (200 C ± 1 C)/500 h. The
second set of samples was placed in the same furnace
and annealed at 523 K ± 1 K (250 C ± 1 C)/1700 h.
Fig. 1—Isothermal cross sections of the phase diagram of the Sn-Sb-
Zn system at 473 K (200 C) calculated from Sb-Sn, Sb-Zn, and Sn-
Zn binaries. Overall compositions of the experimental alloys (black
points) are plotted.
Fig. 2—Isothermal cross sections of the phase diagram of the Sn-Sb-
Zn system at 523 K (250 C) calculated from binaries. Overall com-
positions of the experimental alloys (black points) are plotted.
Fig. 3—Isothermal cross sections of the phase diagram of the Sn-Sb-
Zn system at 623 K (350 C) calculated from binaries. Overall com-
positions of the experimental alloys (black points) are plotted.
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The cooling of the samples after annealing was carried
out by dropping them rapidly into cold water which
caused the ampoule to break instantly.
The samples inside DTA ampoules were prepared to
ﬁt the space in STA 409CD/3/403/5/G calorimeter
(Netzsch). Homogeneous alloys in the DTA quartz
ampoules were analyzed by the DTA method at the
rate of 5 K/min and cooled down at the same rate.
This heat treatment cycle was repeated three times for
each ampoule-encapsulated sample. The measurement
was carried out under standard conditions inside a
calorimeter (6 N argon, ﬂow 70 mL/min).[20] The DTA
signal was evaluated by ‘‘Proteus Thermal Analysis’’
software provided by NETZSCH Company. An
example of the evaluation of the DTA curve of the
alloy is shown in Figure 1. Average temperatures
of phase transitions of the heating curves of the
second and third cycles were evaluated and noted in
Table I that summarizes temperatures of the phase
transitions.
The samples which were measured by DTA were
exploited once more. The DTA ampoules with an alloy
sample inside were equilibrated in a furnace at
623 K ± 1 K (350 C ± 1 C)/(450 to 1000 h) to reach
a state near thermodynamic equilibrium. A diﬀerent
way was used for the sample C5, which was annealed
after DTA measurement in calorimeter STA 409 at
623 K ± 1 K (350 C ± 1 C) for 9 hours. The cooling
of all the samples after prolonged annealing was carried
out by ampoule breaking in water.
All quenched samples equilibrated at 473 K, 523 K,
and 623 K (200 C, 250 C, and 350 C) were cut in the
center and metallographically polished and investigated
by methods of electron microscopy. A JEOL 6460
scanning electron microscope (SEM) with INCA Energy
analyzer was used. The overall composition of the
samples and the composition of the coexisting phases
were measured by energy-dispersive X-ray analysis
(EDX microanalysis). The results are shown in Table II
473 K (200 C), Table III 523 K (250 C), and Table IV
573 K (350 C). The names of the individual phases
were taken from literature.[7] The phase names are:
Rhombo_A7, BCT_A5, HCP_Zn, SbSn, SbZn_Beta,
Sb2SnZn, and liquid (an alternative labeling in the same
sequence: bSb, bSn, Zn, b, b, -, -; Pearson symbols hR2,
tI4, hP2, cF8, oP16, -, -).
The polished areas of the equilibrated samples were
investigated by means of EDX in SEM. The microanal-
ysis was elementary because the equilibrated phases
formed big grains and were a diﬀerent shade of gray.
The two- and three-phase coexistences were mostly
found (see Table IV). For example, the samples C2 and
C10 reveal three-phase microstructure as shown in
Figures 4 and 5.
Phase identiﬁcation at room temperature using Rig-
aku XRD analyser was applied to representative sam-
ples. The presence of binary phases including Sb2SnZn
ternary compound was conﬁrmed. The equilibrating
liquid phase turns to solid after quenching and identiﬁed
as bSn eventually as bSb solid solution. An example of
X-ray diﬀraction spectrum for sample B10 is shown in
Figure 6.
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III. DISCUSSION
The experimental preparation of alloy samples of the
Sb-Sn-Zn system requires a special technique using pre-
evacuated quartz ampoules. This is due to the high
vapor pressure of zinc, which can evaporate. The walls
of the ampoules prevent the evaporation of Zn and thus
ensure that there are no changes to the overall compo-
sition of the samples during long-term exposure. Suﬃ-
cient homogenization of the melt was important as well.
The advantage of samples in ampoules is also suppres-
sion of oxidation of the samples, which occurs especially
when the monitored temperature is near the liquidus
temperature. Samples were obtained near thermody-
namic equilibrium state by using long-term annealing in
quartz ampoules. The CALPHAD method has been
used with advantage. This method allowed us to predict
the phase diagram using the data from binary subsys-
tems[7–9] and to plan the experiment eﬀectively.
Experimentally, only one ternary phase was found in
some samples, referred to as Sb2SnZn. It was conﬁrmed
that within experimental error the chemical composition
of the ternary phase corresponds to the expected
stoichiometry (2:1:1) of the Sb2SnZn phase.
The experimental alloys after long-term annealing
showed coexistence of two or three phases in accordance
with the Gibbs phase rule with the exception of sample
A7 and A8 (see Table II), B8 (see Table III), C4, and C8
(see Table IV) where four phases were observed in
Sb-rich region. The nonequilibrium sample B8 was
investigated using XRD analysis in detail. The phase
composition was: 9 wt pct Rhombo_A7 (bSb), 15 pct
SbZn-beta; 33 pct Sb2SnZn, 43 pct SnSb. The increased
number (4) of coexisting phases, which does not comply
with Gibbs phase rule, is probably due to thermal history
of Sb-rich samples before or after long-term annealing.
The annealing time may not have been suﬃcient to
achieve steady-state by diﬀusion for samples with a high
content of antimony. Since it was not possible to clearly
determine which of these four phases is metastable, the
results obtained in Tables II, III, and IV were retained.
Information about temperatures of phase transition
in the Sb-Sn-Zn system was obtained only by using a
Netzsch STA 409 DTA calorimeter. It is not possible to
use a diﬀerential scanning calorimeter (DSC) for several
reasons. Zinc evaporates from the Sb-Sn-Zn alloy
samples during measurement and thus the overall
composition of the samples is changing. Zinc also
Table II. The Overall Composition and Composition of Coexisting Phases at 473 K (200 C)[21]
Sample
Overall Composition (at. pct)
Coexisting Phases
Phases Composition (at. pct)
Sb Sn Zn Sb Sn Zn
A1 4.02 76.14 19.84 HCP_Zn 0.00 0.37 99.63
HCP_Zn 0.31 3.44 96.25
BCT_A5 4.94 88.49 6.58
A2 25.20 64.39 10.42 SbZn_Beta 50.29 0.00 49.71
Sb2SnZn 50.76 23.98 25.26
BCT_A5 9.99 87.44 2.57
A3 15.21 71.82 12.96 SbZn_Beta 50.78 0.00 49.22
BCT_A5 4.91 90.62 4.47
A4 20.75 37.91 41.34 HCP_Zn 0.07 0.67 99.26
SbZn_Epsilon 40.44 0.30 59.26
BCT_A5 4.31 91.20 4.49
A5 39.85 40.63 19.53 BCT_A5 8.88 89.27 1.86
SbZn_Beta 52.76 0.77 46.47
Sb2SnZn 52.06 24.13 23.81
A6 73.07 11.99 14.94 SbZn_Beta 53.51 0.78 45.71
SbSn 60.98 38.78 0.24
Rhombohedral_A7 93.98 5.80 0.22
A7 58.18 22.48 19.34 SbZn_Beta 52.83 0.51 46.66
Sb2SnZn 52.40 23.53 24.07
SbSn 47.54 52.31 0.15
SbSn 63.00 36.61 0.39
A8 50.15 30.89 18.96 SbZn_Beta 52.48 0.82 46.70
Sb2SnZn 52.16 23.52 24.32
SbSn 61.15 38.49 0.37
SbSn 47.69 51.81 0.49
A9 34.48 32.61 32.92 SbZn_Beta 52.39 0.45 47.16
BCT_A5 0.00 95.76 4.24
BCT_A5 0.36 98.06 1.58
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damages the metal parts of the detector in the DSC
calorimeter. Moreover, Sb-Sn-Zn alloys react with
oxygen in inert gas at elevated temperatures. The
disadvantages of the DTA method are described in
literature.[20] One of them is that the solid-phase
transformation temperatures can be less reliable.
In the case of Sb-Sn-Zn alloy, the most appropriate
technique is using the DTA with the samples sealed in
evacuated quartz ampoules. The DTA signal (with
repeated heating of individual sample) was well reproduc-
ible (see Figure 7) but too complex in most of the
measurements. This is due to the fact that there are several
phase transformations during heating and cooling. These
phase transitions also have diﬀerent kinetics. Samples were
measuredwith theheating rate of 5 K/min. Itwas observed
that some of the phase transitions take place easily (i.e., the
transformation signal during heating can be assigned
to the corresponding signal in the cooling eﬀect without
undercooling), others show the eﬀect of supercooling.
Temperatures of signiﬁcant changes in the DTA signal
during heating (temperaturemarkers) are listed in Table I.
The method of preparation of alloys in DTA quartz
ampoules for measuring has been established. After the
homogenization it is possible to carry out DTA mea-
surement as well as subsequent long-term annealing in
order to achieve phase equilibrium. Time saving was the
greatest advantage.
The CALPHAD method was used to predict the
isothermal section of the ternary phase diagram of the
Sb-Sn-Zn system. Phase diagram was calculated using
Pandat software. The binary thermodynamic parame-
ters were used for this ternary prediction only (see line of
phase boundaries in Figures 1, 2, and 3). The ternary
phase Sb2SnZn was omitted.
Table III. The Overall Composition and Composition of Coexisting Phases at 523 K (250 C)
Sample
Overall Composition (at. pct)
Coexisting Phases
Phases Composition (at. pct)
Sb Sn Zn Sb Sn Zn
B1 14.53 13.98 71.50 liquid 1.01 86.15 12.92
SbZn_Beta 44.76 2.82 53.24
HCP_Zn 0.16 0.13 99.71
B2 59.55 17.57 22.88 Sb2SnZn 50.25 25.75 24.01
Rhombo_A7 90.43 9.30 0.27
SbZn_Beta 52.5 0.27 47.23
B3 27.13 51.62 21.25 SbZn_Beta 51.63 0.53 47.84
Sb2SnZn 48.16 28.61 23.23
liquid 6.01 91.68 2.31
B4 51.32 14.95 33.73 Sb2SnZn 50.07 25.99 23.94
SbSn 52.83 45.61 1.56
SbZn_Beta 51.46 0.35 48.194
B5 18.81 1.18 4.64 liquid 0.91 87.47 11.62
SbZn_Beta 43.98 1.36 54.66
HCP_Zn 0.09 0.11 99.8
B6 66.03 27.04 6.93 Sb2SnZn 51.64 25.52 22.84
SbSn 58.77 40.64 0.59
liquid 89.93 9.53 0.53
B7 38.99 21.68 39.33 SbZn_Beta 51.26 0.47 48.28
liquid 1.13 85.43 13.45
Sn4Zn6 1.37 36.77 61.85
B8 56.51 27.09 16.40 SbZn_Beta 52.66 0.29 47.05
Sb2SnZn 50.43 27.10 22.47
SbSn 50.31 49.23 0.46
Rhombo_A7 86.73 12.51 0.76
B9 50.46 22.88 26.66 SbZn_Beta 52.55 0.62 46.84
Sb2SnZn 50.35 25.83 23.83
SbSn 49.66 49.93 0.41
B10 45.09 28.45 26.46 SbZn_Beta 52.60 0.29 47.11
Sb2SnZn 48.70 28.98 22.32
liquid 7.07 89.872 3.058
B11 50.12 40.58 9.30 SbZn_Beta 52.70 0.44 46.86
Sb2SnZn 51.47 25.24 23.28
SbSn 49.77 49.64 0.59
B12 20.24 71.33 8.43 Sb2SnZn 49.69 27.26 23.05
liquid 8.61 88.66 2.73
B13 41.68 50.20 8.11 Sb2SnZn 50.65 26.09 23.25
liquid 7.67 90.38 1.95
SbSn 43.36 55.98 0.67
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Fig. 4—Microstructure of sample C2 (see Table IV for composition).
The equilibrated coexisting phases at 623 K (350 C) can be easily
distinguished by diﬀerent shades of gray (SEM).
Table IV. The Overall Composition and Composition of Coexisting Phases at 623 K (350 C)
Sample/Equilibrating Time
Overall Composition (at. pct)
Coexisting Phases
Phases Composition (at. pct)
Sb Sn Zn Sb Sn Zn
C1 50.10 31.45 18.45 SbSn 50.10 49.75 0.42
1080 h SbZn_Beta 52.55 0.34 47.11
Sb2SnZn 51.28 25.35 23.37
C2 52.15 38.71 9.14 SbSn 53.62 46.16 0.30
1080 h SbZn_Beta 52.87 0.38 46.90
Sb2SnZn 51.54 25.97 22.48
C3 51.95 26.10 21.95 SbSn 52.89 46.99 0.34
1080 h SbZn_Beta 52.88 0.42 46.71
Sb2SnZn 50.99 25.77 23.24
C4 68.17 20.48 11.35 SbSn 62.38 37.35 0.46
1080 h Rhombo_A7 88.92 11.19 0.23
Sb2SnZn 51.47 25.53 22.99
SbZn_Beta 52.84 0.52 46.68
C5 52.38 24.13 23.49 SbSn 55.71 44.12 0.17
9 h SbZn_Beta 52.74 0.19 47.06
Sb2SnZn 51.43 24.97 23.56
C6 36.75 38.59 24.66 SbZn_Beta 52.25 0.35 47.40
500 h Sb2SnZn 48.80 28.27 22.93
liquid 8.40 90.58 1.02
C7 46.55 9.95 43.50 SbZn_Beta 52.69 0.50 46.81
500h liquid 0.74 85.68 13.58
C8 69.20 20.31 10.96 SbZn_Beta 52.74 0.34 46.92
500h SbSn 59.85 39.90 0.25
Sb2SnZn 50.77 25.57 23.67
rhombo_A7 91.21 7.98 0.81
C9 10.31 79.93 9.76 Sb2SnZn 45.96 30.84 23.20
500 h liquid 7.17 86.72 6.11
C10 43.95 44.00 12.05 Sb2SnZn 50.88 25.69 23.42
500 h liquid 7.17 86.72 6.11
SbSn 48.36 51.15 0.48
C11 41.69 41.88 16.43 liquid 18.44 76.92 4.65
500 h Sn2SnZn 51.18 25.52 23.30
SbSn 46.53 53.01 0.46
Fig. 5—Microstructure of sample C10 (see Table IV for composition,
SEM). The ternary phase Sb2SnZn and SbSn were at 623 K (350 C)
in equilibrium with the liquid phase before quenching in water.
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IV. CONCLUSIONS
The coexistence of the phases Sb-Sn-Zn alloy system
was observed at three diﬀerent temperatures of 473 K,
523 K, and 623 K (200 C, 250 C, and 350 C). The
composition of the coexisting phases was measured for
the monitored samples. The experiment was extended
also to dynamic measurement using DTA. The data
about not only liquidus temperature but also other
phase transformations were obtained by DTA measure-
ment. Existence of the ternary phase Sb2SnZn in the
monitored system was conﬁrmed. Another ternary
phase was not found. The presented results are appli-
cable to the construction of equilibrium phase diagram
of Sn-Sb-Zn system and an assessment using
CALPHAD approach.
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